Absolute values only show part of the whole: Evidence of P limitation in legumes in the CFR from N :P ratios
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Introduction
Despite occupying less than 90,000 km 2 , the Cape Floristic Region (CFR) contains 44% of the flora that occurs in all of southern Africa (Goldblatt and Manning 2002) .
The CFR has been described as the world's smallest but richest biome (Hall 1978) , and is termed an endemic hotspot, with 70% of the species occurring are endemic (Cowling et al. 2003 ). This region is subject to a Mediterranean climate, temperatures rarely fall below 3°C and rainfall is mainly in the winter months of a range between 300-800mm, and characterised by fine schlerophyllous shrubs, geophytes as well as a lack of trees. However, despite a high faunal diversity this region is notoriously nutrient poor (Goldblatt and Manning 2002) . Groves et al. (1983) documented two types of soil types in the Cape System; coarse grained sandy soils which is poor in plant nutrients, and clay soils of moderate nutrient status. However, in both soil types essential plant nutrients in particular N and P are very low (Soderberg and Compton 2007; Witkowski and Mitchell 1987) . A key question is how the CFR manages to maintain such a high level of diversity on such nutritionally poor soils and low rainfall. One would expect to see species with particular mechanisms for the acquisition of either N or P to dominate, for example legumes. Legumes (family Fabaceae) are able to fix atmospheric nitrogen, and would be expected to have a distinct advantage over non-fixers because they are able to obtain N more effectively through atmospheric nitrogen fixation (H0gh-Jensen et al. 2002; Vitousek and Howarth 1991) . However, in the CFR, this is not seen. In their paper, Goldblatt and Manning (2002) numerically ranked the top 20 genera representative of the fynbos.
The only genus present from the legume family was Aspalathus, and it ranked 2nd most abundant of the 20 genera recorded. Erica was the most abundant genera, present over 2.4 times as much as Aspalathus. This is suprising, because the same paper noted that the family Fabaceae had the 2nd highest species count, after Asteraceae in the fynbos. This suggests that despite a high species diversity, the distribution of genera of Fabaceae is relatively patchy and scant whilst families such as Ericaceae, Proteaceae and Restionaceae dominate. What is preventing the dominance of legumes in the CFR?
Nitrogen fixation has been cited to depend on a whole host of conditions, such as the availability of light, water, climate and nutrient elements such as P, Zn and Mo (Vitousek and Field 1999; Vitousek and Howarth 1991 ) . In their review of biological nitrogen fixation, Virtousek & Howarth (1991) termed ecosystem nitrogen limitation as 'limitation by some other element in disguise'. That is, the rate of nitrogen fixation is ultimately dependent on some other nutrient. Phosphorus has been cited as the nutrient that most limits nitrogen fixation, because terrestrial and aquatic nitrogen fixers require it in higher concentrations than non-fixers (Crews 1993; Smith 1992; Vitousek and Howarth 1991) . For example, Crews (1993) found that the nitrogenase activity, and therefore nitrogen fixation of the legume Medicago sativa increased significantly when treated with phosphorus fertilizer in a Mexican agro-ecosystem.
Additionally, many other studies have reported an increase in nitrogen fixation when treated with an increase in phosphorus (Hogberg 1986; Lambert et al. 1982; Tilman et al. 1982) . In his study, Tilman (1982) notably reported that the relative abundance of the legume Lathyrus was inversely proportional to the N:P ratio in a Mexican agroecosystem. That is, for a given amount of nitrogen, low levels of phosphorus (i.e. a high N:P ratio) resulted in a low abundance of legumes, whereas high levels of phosphorus (i.e. a low N:P ratio) resulted in a high abundance of legumes. What's more, because nitrogen fixers require phosphorus in larger concentrations than nonfixers, they cannot compete effectively for phosphorus, even at intermediate levels (Vitousek and Howarth 1991; Williams and Hayes 1990) . William and Hayes (1990) noted that when grown with grasses, herbaceous pasture legumes were completely out-competed, even when supplied with a large concentration of nitrogen. This evidence leads us to believe that legumes are more phosphorus stressed than nonlegumes. However, phosphorus is not the only nutrient which may limit growth of nitrogen fixing organisms; strong cases can be made for molybdenum and iron (Vitousek & Howarth, 1991) . For example, Marino (1990) found that molybdenum was the best predictor for the abundance of nitrogen fixing cyanobacteria in saline lakes in Alberta, and Mills et al. (2004) found that iron and phosphorus co-limit nitrogen fixation in the eastern tropical North Atlantic.
In soils, vanous parameters are used as indicators of nutrient availability, and therefore soil fertility. pH is an often used measurements, because the availability of some macro and micronutrients are dependent on it (Raven et al. 1990 ). P, for example is strongly influenced by soil pH. At low pH, Pis fixed by either Fe or Al, and is unavailable to plants, whereas at moderate pH it is reasonably available to plants (Brink and Vitousek 1989; Carreira et al. 1997) . Other studies have shown that plants actively modify their rhizosphere pH level to enhance acquisition of other nutrients such a Fe, Mo and P (Raven et al. 1990 ). Other measurement of nutrient ratios, such as C:N, C:P, N:P, AI3+:Ca and NH 4 :N0 3 -are also indicators of soil fertility (Kleijn et al. 2008; Richardson et al. 2008) . Essentially, fertile environments have lower C:P, C:N and N:P ratios than less-fertile environments (Fourqurean et al. 1992; Richardson et al. 2008) . Similarly, these ratios can be used in plants, because plants' nutrient concentrations are reported to reflect soil nutrient status (Richardson et al. 2008) . For example, the Redfield ratio, 106 mol C: 16 mol N: 1 mol P, describes the nutrient composition of phytoplankton (Redfield 1958) . This ratio is used as a standard, and any ratios of phytoplankton communities that differ from this may be nutrient limited. Similarly, Fourqurean et al. (1992) made use of C:P and N:P ratios across a regional gradient in seagrass (Thalassia testudinum) density to determine substrates that were P limiting. Additionally, the N:P ratio is important to determine whether an ecosystem is Nor P limited. In terrestrial systems, a N:P ratio of less than nutrienr in limiting.
The airri of this study was to asses'the nutritional status in legumes and non-legumes and answer two questions; do legumes occupy more fertile sites than non-legumes, and do legumes and non-legumes differ in their tolerance to P limitation, in the CFR?
We hypothesise that legumes are more phosphorus stressed than non-legumes and will occupy more fertile soils than non-legumes .
Methods and Materials

Study Sites
All study sites formed part of the fynbos in the western Cape of South Africa. Two soil types were selected based on their nutritional characteristics, namely. sandstone and granite. Sandstone is inherently less fertile with lower P and pH levels than granite. At either soil type, two study sites were selected; Bainskloof and Silvermine made up sites for sandstone and Camps Bay and J onkershoek represented granite .
These sites allowed us to compare legumes and non-legumes at different nutrient
Statistical Analyses
For soils, we analysed the data with a two-way nested ANOV A, with soil group (i.e.
legume or non-legume soils) as the fixed factor and study site as the random factor nested within soil group. The Duncan post-hoc test was used to separate significantly different means at p<0.05.
For plants, a three-way nested ANOV A was used, factors being plant group (i.e.
legume or non-legume), study site and species. Plant group was the fixed factor, study site was a random factor nested within plant group, and species was a random factor nested within both plant group and study site. However, due to the fact that at Bainkloof and Camps Bay only two legumes species were sampled instead of three, the data was unbalanced. Therefore the overparameterized model option when running the nested ANOVA was utilized, as opposed to the sigma-restricted method.
The overparametereized model applies to both balanced and unbalanced designs as well as designs with missing cells (Searle et al. 1992 )
Results
Comparison of soil from legume and non legume sites. parameters between legume and non-legume from all the sites together revealed no significant differences ( data not shown).
Comparisons of the soil chemical properties of the four sites
4 of the 17 parameters measured were significantly different, between the four sites (Table 1) . These include pH, P, K, and Ca. pH was similar at Bainskloof and Silvermine, whilst being significantly different from other sites at J onkershoek and
Silvermine. The means for P concentration were similar at Bainskloof and Silvermine, and were significantly different from the other two sites. Ca was significantly higher at Camps bay than at all other sites. K was significantly different at every site, but showed trends of being higher in Camps Bay and Jonkershoek.
Correlation analyses between pH and other nutrients P, Na, K, Ca and Mg were all correlated on pH ( Figure 3 ). For non-legumes, Na, K,
Mg and Ca were all strongly correlated with pH (all significant at the p<0.001 level).
P was correlated at the p<0.05 level. Legumes also showed strong correlations as K and Ca were significant at the p<0.001 level. P and Mg were significant at the p<0.05 level. Figure 3 illustrates an important pattern; that legumes are able to obtain higher concentrations of nutrients at a lower pH. Also of note, is that for the same pH, legumes are able obtain much higher nutrient concentrations. This is pronounced for P and C ( Figure 3A and B).
Comparison between legumes and non-legumes across all study sites
Results from the three way ANOV A indicate that of the significant parameters, Fe, Zn, N%, C%, N:P ratio, P and K were significantly higher in legumes than nonlegumes, whilst Ca and C:N ratio were significantly lower. Additionally, C:P ratio was lower in legumes than non-legumes. Importantly, the mean value of N% for nonlegumes was 0.93%, whilst that of legumes was 2.46%, over 2.6 times as much.
Silvermine was the site that contained plants with the highest and lowest N%.
Voroboides had 3.31 % N, whilst C.ruscifolia contained only 0.12%. Similarly, P was the highest in Silvermine as well as the second lowest; P.pinnata at 0.163% and L.salignum at 0.035%. The lowest was in L.salignum at Bainskloof at 0.033%.
Across all sample sites and groups, Fe, Zn, Ca and K were all the highest in legumes from Silvermine. P.nerifolia of Jonkershoek contained the highest C. C:N ratio was lowest and highest in Silvermine at 15.61 in V.oroboides whilst the highest was in L.salignum at 146.8. P.larifolia of Bainskloof had the highest C:P ratio of 2286.25, whilst P.pinnata from Silvermine was 7 times lower. The N:P ratios showed a distinct trend of being much higher in legumes than non-legumes; P.calyptrata from Silvermine had the highest value of 4 7.42, whilst C. ruscifolia also of Silvermine contained the lowest at 10.06.
Correlation analyses
Correlation analyses revealed the marked difference in nutritional relationships of some parameters in legumes and non-legumes ( Figure 4 ). Figure 4A illustrates that for any given value of P legumes have much higher N values, which is what is expected. Increased P levels were found to not increase C levels within leaves ( Figure   4B ), which is surprising. This was significant for non-legumes (R .60,p=0.014 respectively) whereas only the C:P ratio was significant for legumes
.71, p<0.05). N:P ratio responded more to increased P than N (Figures 4E and F) . Therefore this ratio is determined by P. N:P declined more rapidly for legumes than non-legumes in response to increased P (R 2 =-0.80, p=0.005).
Discussion
Soils
Within sites, nutrients such as Na, K, Mg, Ca and C% showed trends of being higher in legume soils than non-legume ones ( Figure 1 ). All nutrients were significantly higher in Bainskloof, Ca was significantly higher in all sites except Silvermine, whilst Na was significantly higher in Silvermine. C% was significantly higher in all sites except for Jonkershoek (Figure 1 ). C was higher in legume soils due to patchy C rich sites. Regions rich in C are associated with nutrient attraction, a higher water retention and are associated with nutrient accumulation (Fourqurean et al. 1992) The influence of pH is also an important factor in influencing nutrient concentrations within soil types (Raven et al. 1990) . pH was significantly lower in legumes than nonlegume soils (Figure 1 ). Figure 3 documents the relationship between pH and nutrient availability. Of immediate note, is that legume soils contained higher concentrations of nutrients at lower pH levels ( Figure 3 A-E). This is distinctly illustrated for K, Na, Mg and Ca ( Figures 3B -E) . The pH of legumes soils may have been actively lowered by legumes. Raven et al. (1990) showed evidence that low pH adapted species extrude H+ and other organic acid as a means of modifying the rhizosphere to promote the acquisition of limiting nutrients such as P and Fe. Such results have been confirmed by Mouthe and Dakora (2000) , who noted that one species of legume each from the genera Anthospermum and Leucospermum showed a decrease in pH of rhizosphere soil. Although I did not sample directly from the rhizosphere, it can be assumed that the pH the soil within the legume stands were affected by the legume plants, and therefore the findings of this study are consistent with that report.
Lower values for pH, P, Kand N:P ratio at Bainskloof and Silvermine show that these sites are less fertile than Jonkershoek and Camps Bay. These results are consistent with our hypothesis that sandstone is less fertile that granite. Therefore, observed results can be concluded to be a result of plant responses and adaptations, and not bias of soil nutrients.
Plants
Overall, legumes and non-legumes were markedly different regarding their nutrient concentrations, as illustrated by the fact that there was a significant difference (p<0.001) between legumes and non-legumes at the species level (Appendix 1).
However, as plant group (i.e. legume or non-legume) was the main interest I didn't explore the variation between species, but rather focussed on the extensive variation between plant group. The best reflection of variation between legumes and nonlegumes is the result of the 3 factor ANOVA, showing higher concentrations of nutrients such as N, P, Fe, Zn and C measured in legumes (Tables 2 and 3 ). The high nutrient levels in legumes can be either as a result of more efficient nutrient uptake strategies, or because of higher nutrients in soils (Campbell et al. 1999) . Results from studies exploring the uptake rates of legumes seem inconsistent; Rao et al. (1993) found that legumes translocated absorbed ammonium to shoots more rapidly than cereals, whereas Sharma et al. (1999) noted no difference in uptake in Zn between legumes and non-legumes. Although this study didn't explore uptake rates, there is ample evidence to support the view that legumes had a more efficient uptake strategy.
For example, Silvermine had significantly lower values for K and P than the granite sites (Campsbay and Jonkershoek), as well as the lowest value for Ca for all the sites (Table 1 ) . Leaf nutrient analysis revealed that the legume P.pinnata from Silvermine contained the highest concentrations 'of K, P and Ca (Table 2) Therefore, it is most likely a shared contribution of the two that explains higher foliar nutrients in legumes.
However, although the absolute values of nutrients may infer legumes are more nutrient rich than non-legumes, one must consider nutrient ratios and observe if nutrients are present in useful proportions (Gilsewell 2004) . In plants, the C:P, C:N and N:P ratios are indicators of the fertility of the environment in which plants grow (Fourqurean et al. 1992; Richardson et al. 2008) . The lower these ratios, the more fertile the habitat. The means of the C:P and C:N ratios of legumes are lower than those of non-legumes (Table 3 ). This infers that legumes are from a more fertile habitat. This is understandable because legumes on average contained slightly more C than non-legumes (51.31 % and 49.33% respectively; Table 3 ), as well as more P (0.09 and 0.06 mg/kg respectively, Table 2 ). Of course legumes had a much higher N content due to nitrogen fixation which accounts for the lower C:N ratio. These results are in accordance with my soils data.
Correlation analyses revealed distinct differences in nutritional strategies between the two groups. N increased with P, moreso for legumes, as expected. Figures 4B and C illustrate that increased N and P do not increase foliar C concentration, which is unexpected. A suggestion as to why this is so is that these plants have adapted to low nutrient conditions. The current fynbos system is estimated at 5 mya (Linder and Hardy 2004) . Over this time, adaptations to low nutrient levels have developed.
Therefore, increasing only one or two nutrients (such as N and P) will not increase C gain, at least not immediately. The concentrations of the entire suite of nutrients responsible for photosynthesis would need to be augmented in order to increase C gain in a nutrient limited system (Campbell et al. 1999) . Correlations of C:N and C:P against C illustrate that with an increase in C, both ratios increase more rapidly for non-legumes than legumes ( Figure 4D and E). Also, an increase in C does not affect the C:N ratio of legumes very much ( Figure 4D ). Due to high C:N and C:P ratios exhibited by non-legumes, and the tendency for these to increase relative to legumes in response to added C, it can be concluded that non-legumes are from a less fertile environment. However, the N:P ratio of legumes is higher than that of non-legumes for given values of N and P ( Figures 4F and G) . The fact that the N:P ratio declines more rapidly in response to increased P than N suggests that in this study, the N:P ratio is determined by P. Therefore, because legumes demand more P than nonlegumes (Crews 1993; Vitousek and Howarth 1991), their ratios are much higher.
An N:P ratio of less than 10 signals nitrogen limitation whilst a ratio of over 25 signals phosphorus limitation (Aerts and Caluwe 1999; Gilsewell 2004) . In this study, the average N:P ratio for legumes was 29.23, and for non-legumes was 16.38. This confirms that legumes are P limited, whilst non-legumes fall within the neutral zone and are neither P nor N limited. It seems that although non-legumes have lower concentrations of nutrients, they appear to be coping satisfactorily, whilst despite In conclusion, the results of this study have qualitatively confirmed my original hypothesis; that legumes are more P stressed than non-legumes and therefore will occupy more nutrient fertile sites relative to non-legumes. This study illustrates that despite high absolute values of foliar nutrients, legumes were still P stressed, whilst the non-legumes were performing sufficiently. This study stresses the relative importance of ratios in comparing nutritional relationships and how they can be useful in interpreting overall plant health and functioning. Future studies should qualitatively assess nutrient uptake rates of legumes, and determine the primary contributor to foliar leaf nutrients. Also, the influence of Fe limitation on growth and nitrogen fixation in the CFR should be explored. Table 2 . Comparison of macronutrients of legumes against non-legumes across all sites and locations. The mean value for each species and standard errors are displayed for legumes and non-legumes. Additionally, the F-statistic from a three-way nested ANOVA is displayed for groups and species. *p<0.05, **p<0.001, ***p<0.0001. Mean separation among species not shown. •"" --... ·"· " " ; .. . .
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